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IMAGING SYSTEM, IN PARTICULAR A
PROJECTION OBJECTIVE OF A
MICROLITHOGRAPHIC PROJECTION
EXPOSURE APPARATUS

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims the benefit under 35 U.S.C. §119
(¢) (1) of U.S. Provisional Patent Application Ser. No.

60/706,883, filed Aug. 10, 2005, the contents of which are
hereby incorporated by reference.

FIELD OF THE INVENTION

The invention relates to an 1maging system, in particular
a projection objective of a projection exposure apparatus
used 1n the field of microlithography. The invention relates
in particular to a projection objective which even with an
ofl-axis 1mage field allows the use of highly refractive
crystal materials while keeping the negative eflect of bire-
fringence on 1mage quality within limaits.

BACKGROUND

In current state-oi-the-art microlithography objectives,
particularly 1n immersion objectives with a numerical aper-
ture value (NA) of more than 1.0, there 1s a growing need to
use materials of a high refractive index. In this context, a
refractive imndex 1s considered high if, at the given wave-
length, 1t exceeds the value for the refractive index of quartz,
which has a refractive index of about 1.56 at a wavelength
of 193 nm. A number of materials are known whose refrac-
tive indices at DUV- and VUV wavelengths (<250 nm) are
larger than 1.6, for example magnesium spinel with a
refractive index of about 1.87 at a wavelength of 193 nm, or
magnesium oxide which has a refractive index of about 2.0
at 193 nm.

When using these matenials as lens elements, the problem
presents 1tsell that due to their cubic crystallographic struc-
ture, they exhlibit a degree of intrinsic birefringence that
he wavelength becomes shorter. For example,

increases as t
measurements of the retardation due to intrinsic bireirin-
gence 1n magnesium spinel at a wavelength of 193 nm
produced a value of 52 nm/cm, while the retardation due to
intrinsic birefringence 1n magnesium oxide at a wavelength
of 193 nm was estimated to be about 72 nm/cm. Depending
on the design-related conditions 1n the 1mage field, a retar-
dation of this magnitude can lead to lateral ray detlections
that are three to five times as large as today’s critical
structure widths of about 80-100 nm.

As a means to reduce the negative eflect on the optical

image caused by intrinsic birefringence in fluoride crystal
lenses, 1t 1s known for example from US 2004/0105170 Al

and WO 02/093209 A2 to arrange fluoride crystal lenses of
the same crystallographic cut 1n rotated orientations relative
to each other (a concept known as “clocking™) and, in
addition, to combine several groups of such arrangements
with different crystallographic cuts (for example groups of
100-lenses and groups of 111-lenses) with each other.
Although the negative eflect of the intrinsic birefringence
can be compensated by this method to a certain extent even
in the aforementioned highly refractive cubic materials, a
turther problem presents itsellf in that the compensation
achieved with the aforementioned “clocking™ 1s incomplete
in the case where the respective “compensation paths™ are
different (1.e., the respective path lengths which the rays that
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enter 1nto interference with each other traverse in the mutu-
ally rotated parts of the same crystallographic cut). This 1s
the case 1n particular 1n a projection objective that produces
an oilf-axis 1mage field. Off-axis fields of this kind are
present in particular in catadioptric projection objectives
with geometric beam-splitting of the type disclosed, e.g., in
WO 2004/019128.

The atorementioned problem with different compensation
path lengths 1n different materials used for the compensation
of birefringence can also occur in materials with natural
birelringence, for example if materials with opposite (posi-
tive/negative) signs in their birefringence are combined with
cach other for compensation, as described in WO 2005/
059645, or with the “clocking” of materials with natural
birefringence.

SUMMARY OF THE INVENTION

In certain embodiments, an 1maging system, 1n particular
a projection objective for a microlithographic projection
exposure apparatus, 1s provided wherein the imaging system
allows the use of highly refractive crystal materials even
with an ofl-axis image field, while keeping the negative
cllect of birelringence on 1image quality within limaits.

According to one aspect, an imaging system, 1n particular
a projection objective of a microlithographic projection
exposure apparatus which has an optical axis and produces
an 1mage field that 1s extra-axial relative to the optical axis,
includes the following:

a first optical element which produces a first distribution
of the retardation 1n a plane that extends perpendicular
to the optical axis; and

at least one second optical element which produces a
second distribution of the retardation 1n a plane that
extends perpendicular to the optical axis, which second
distribution compensates at least partially for the first
distribution of the retardation;

wherein each the first and the second optical element are
of a configuration that 1s not rotationally symmetric to
the optical axis.

According to another aspect, an 1maging system having
an optical axis and being capable of producing an i1mage
field which 1s extra-axial relative to the optical axis 1is
provided. The imaging system includes a first optical ele-
ment which, during use of the 1maging system, causes a first
distribution of retardation in a plane that lies perpendicular
to the optical axis. The 1maging system also includes at least
one second optical element which, during use of the imaging
system, causes a second distribution of retardation 1n a plane
that lies perpendicular to the optical axis. The second
distribution of retardation at least partially compensates the
first distribution of retardation, and the first and the second
optical elements are not designed with rotational symmetry
relative to the optical axis.

According a further aspect, a microlithographic projection
exposure apparatus having a projection objective as
described above 1s provided.

According to an additional aspect, a method for the
microlithographic production of micro-structured compo-
nents 1s provided. The method includes preparing a substrate
on which at least one coating of a light-sensitive material 1s
deposited, and preparing a mask which has structures of
which 1mages are to be formed. The method also includes
preparing a microlithographic projection exposure apparatus
as described above, and projecting at least a part of the mask
onto an area of the coating by means of the projection
exposure apparatus.
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According to yet another aspect, a micro-structured com-
ponent which 1s produced according to method described
above 1s provided.

The term “retardation” means the diflerence between the
optical path lengths of two orthogonal (1.e., mutually per-
pendicular) states of linear polarization.

The term ““optical axis™ as used 1n the present application
means a straight line or a sequence of straight line segments
that runs through the centers of curvature of the rotationally
symmetric optical components.

The concept of “elements” 1n the sense of the present
application includes the possibility that, e.g., the at least two
clements are seamlessly joined to each other, specifically by
the technique of wringing, so that they form one lens
together.

Due to the fact that 1n accordance with the invention, the
first and the second optical element are not of a rotationally
symmetric design relative to the optical axis, 1.e., by con-
sciously giving up the principle of rotational symmetry 1n
regard to these elements, 1t becomes possible to take the
extra-axial position of the image field into account and 1n
particular to create the possibility for equal compensation
paths 1n the respective elements with the different distribu-
tions of the retardation.

In a preferred embodiment, the first optical element and
the second optical element are made of a cubic crystal
material, so that their respective retardations are obtained as
a result of intrinsic birefringence.

In a further preferred embodiment, the first optical ele-
ment and the second optical element are made of an optically
uniaxial crystal material.

In a preferred embodiment, the retardation caused by the
second optical element has the opposite sign of the retarda-
tion caused by the first optical element.

In a further embodiment, the first optical element and the
second optical element are of the same crystallographic cut
and are rotated relative to each other about the optical axis.

In a preferred embodiment, the extra-axial image field 1s
mirror-symmetric relative to a plane of symmetry, and the
first and/or the second optical element 1s mirror-symmetric
relative to the same plane of symmetry. Preferably in this
embodiment, the first and/or the second optical element have
as their only symmetry a mirror-symmetry relative to the
plane of symmetry.

In a preferred embodiment, the following condition 1s met
for at least one ray that falls on the center of the 1image field:
n,xd,=n,xd,, wherein n, (1=1, 2) stands for the respective
refractive mdices and d, (1=1, 2) indicates the geometrical
path lengths covered by this ray in the first and the second
optical element, respectively. Consequently for this particu-
lar ray, 1t 1s assured that the optical path lengths in the two
partial elements (which at least partially compensate each
other 1n regard to birefringence), in other words the com-
pensation paths for this ray, are equal, so that the reduction
of the retardation achieved thereby represents the maximum
for the given combination of elements.

If the foregoing condition 1s met for the largest possible
number of rays falling on the center of the image field, one
achieves the result that for the rays falling outside of the
center of the image field, a possible difference between the
compensation paths will at least not be overly large. In other
words, according to the invention the optimization of the
compensation paths takes place for the rays that fall on the
center of the image field, in order to achieve on average as
good a compromise as possible 1n regard to obtaining
compensation paths of equal length for the rays that fall
outside the center of the image field.
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In the 1deal case, the condition n,xd,~n,xd, stated above
1s met for all of the rays that fall on the center of the image
field, and 1n any case preferably for rays arriving from the
largest possible angular range. In a preferred embodiment,
the condition n, xd,=n,xd, 1s met for at least two rays falling
on the center of the image field, wherein the angle between
the two rays 1s at least 40°, preferably at least 50°, with even
higher preference at least 60°, and with still higher prefer-
ence at least 70°.

In a preferred embodiment the first element and the
second element each have a crystallographic (111)-cut and
are arranged with a rotation of 60°+kx120° (wherein k=0, 1,
2, ... ) relative to each other about the element axis. In this
way, by combining the two elements 1n a principally known
manner, one achieves (due to the three-fold symmetry 1n the
distribution of the retardation as a function of the azimuth
angle, which applies to the case of the crystallographic
111-cut) an azimuthally symmetric distribution of the retar-
dation as well as a reduction of the maximum values
obtained for the retardation.

A preferred embodiment further contains a third and a
fourth optical element, each with a crystallographic (100)-
cut and arranged with a rotation about the element axis of
450+1x90° relative to the other (wherein 1=1, 2, . . . ). In this
way, by combining the third and fourth optical elements, one
achieves likewise (due to the four-fold symmetry in the
distribution of the retardation as a function of the azimuth
angle, which applies to the case of the crystallographic
100-cut) an azimuthally symmetric distribution of the retar-
dation as well as a reduction of the maximum values
obtained for the retardation.

With preference, the third and fourth optical elements,
too, are not configured with rotational symmetry relative to
the optical axis. In a preferred embodiment, the condition
n xd; n,xd, 1s met for at least one ray falling on the center
of the image field, wherein n, (1=3, 4) stands for the respec-
tive refractive indices and d, (1=3, 4) indicates the geometri-
cal path lengths covered by this ray in the third and the
fourth optical element, respectively.

In a preferred embodiment at least two, but preferably all,
of these optical elements are joined by wringing in such a
way that they form a lens together.

With preference, the lens has a rotationally symmetric
shape 1n relation to the optical axis and can in particular be
a planar-convex lens.

In a preferred embodiment, the lens 1s a last refractive lens
on the image side of the imaging system.

In a preferred embodiment, each of the optical elements
1s shaped like a shell whose convex-curved side faces
towards the object side.

In a preferred embodiment, a liquid 1s arranged between
at least two of the optical elements, wherein the two ele-
ments and the liqud have substantially the same refractive
index. In this way, the requirements on the planarity of the
contact surfaces between the optical elements can be less
stringent, because due to the matching refractive index of the
liquid, discontinuities of the refractive index and ray path
deflections associated with them can be avoided at least to
a Tar-reaching extent. The liquid needs to be selected appro-
priately, depending on the refractive index of the optical
clements, an example being perhydro fluorene (with
n=1.6862 at 193 nm) when the refractive indices of the
optical elements are in the range from about 1.6 to 1.7 at a
wavelength of 193 nm.

Further preferred embodiments relate to the selection of
the cubic crystal material. This selection 1s made preferably
with the aim of a further reduction of the effect of intrinsic
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birefringence, and expressly allowing for the fact that even
when the extra-axial image field i1s taken nto consideration
as called for by the mvention, a complete compensation of
the retardation can lastly not be realized, because the equal-
ity of the compensation paths can as a rule not be achieved
for all of the rays.

In a preferred embodiment, the cubic crystal material has

at a given working wavelength a refractive index n of such
a magnitude that the diflerence (n-NA) between the refrac-

tive mndex n and the numerical aperture NA does not exceed
0.2.

This takes into consideration that the eflect of intrinsic
birefringence does not increase linearly as the wavelength
becomes shorter, but rather begins with a gradual increase
and then rises dramatically with a further decrease in the
wavelength. This non-linearity 1s all the more pronounced,
the nearer the working wavelength gets to the absorption
edge (in the UV range) for the respective material. Thus,
according to the preferred embodiment, the possibilities for
choosing materials with the highest possible refractive indi-
ces are not fully exploited, but the refractive index 1is
selected just as high as required (and not higher) 1in order to
still be able to geometrically guide projection light even
under the maximally occurring ray angles through the pro-
jection objective so that the rays produce an image. At the
same time, according to the invention one takes advantage
of the more moderate requirement on the magnitude of the
refractive index 1n order to select a crystal material whose
absorption edge lies farther in the UV range, so that as a
result the intrinsic birefringence 1n the range of the working,
wavelength becomes even smaller, or has increased less
strongly, than would be the case in a material whose
absorption edge lies at a higher wavelength.

Under the preferred embodiment, for example with a
numerical aperture of NA=1.5, one therefore consciously
foregoes the option of selecting the crystal materials of the
highest possible refractive indices despite the fact that
maternials are available which are transparent at typical
working wavelengths of 193 nm and have high refractive
indices of, e.g., n=1.87 (magnesium spinel ). Rather, one uses
materials 1n which the refractive index n 1s farther removed
from the (lower) value of the image-side numerical aperture
of the 1imaging system, but 1s still just suflicient in order to
direct the projection light even under the maximally occur-
ring ray angles through the imaging system so that the light
rays produce an 1mage.

Preferably, the difference (n-NA) between the refractive
index n of the optical element and the numerical aperture NA
of the imaging system 1s 1n the range from 0.05 to 0.20, with
higher preference in the range from 0.05 to 0.15, and with
special preference 1n the range from 0.05 to 0.10. As stated
above, due to the upper limit of the refractive index one
achieves a limitation of the intrinsic birefringence, while a
limit on the overall lens volume of the projection objective
1s achieved due to the lower limit of the refractive index.

Further criteria that should preferably be met by the
materials used i1n accordance with the mnvention include
adequate stability to withstand atmospheric humidity and
UV light, a high degree of hardness, a material that 1s good
to work with 1 optical manufacturing processes and, as
much as possible, a non-toxic composition.

In a preferred embodiment the cubic crystal material
includes an oxide for which a suflicient transmissivity was
obtained together with a comparatively high refractive
index.
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In a preferred embodiment the cubic crystal material
includes sapphire (Al,O,) and a potassium- or calcium oxide
among 1ts components.

In particular, the cubic crystal material preferably
includes at least one material selected from the group that
includes  7Al,0,.12Ca0, Al,0,K,O, Al,0,.3Ca0,
Al,0,.510,K0, Al,0,.S510,.2K and Al,0,.3CaOH,0.

The share of sapphire (Al,O,) 1n the foregoing matenals
causes a widening of the band gap or a shiit of the absorption
edge 1nto the UV range while raising the refractive index at
the same time, so that refractive index-lowering further

components supplement the mixed crystal, which leads to
the aforementioned lowering of the intrinsic birefringence.

In a further preferred embodiment, the cubic crystal
material includes calcium, sodium and silicon oxide. In
particular, the cubic crystal material preferably contains at
least one material from the group that includes CaNa,S10,
and CaNa,S1,0,,.

In a further preferred embodiment, the cubic crystal

material contains at least one matenal from the group that
includes Sr(NO,),, MgONa,0.510, and Ca(NO,)..

In a further preferred embodiment, a further optical ele-
ment which 1s substantially planar-parallel 1s placed on the
light exit surface of the planar-convex lens.

With this type of a component structure for the optical
clement, one gains the advantage of a particularly effective
correction of the spherical aberration which in the case of
high aperture values typically represents the largest contri-
bution to the 1image aberrations that have to be dealt with. IT
the ray pattern 1s telecentric 1in the area of the optical
clement, the planar-parallel partial element provides in par-
ticular an advantageous way to achieve a correction of the
spherical aberration that 1s uniform over the image field.

In contrast to the aforementioned composite structure
made up of the first and the second optical element (par-
ticularly in the case of the planar-convex lens), i1f the
substantially planar-parallel optical element 1s composed of
mutually rotated portions of the same crystallographic cut,
the compensation paths for the portions are substantially
equal, so that insofar an eflective correction of the intrinsic
birefringence can occur by way of the clocking concept.
Consequently, 1t 1s advantageous to consider arranging in the
planar-parallel optical element a second material with a
higher refractive index than the material 1n the first portion.
In particular, this higher refractive index can also lie outside
the atorementioned interval from the numerical aperture. In
a preferred embodiment, the second material 1s therefore
selected from the group consisting of magnesium spinel
(MgAl,O,), yttrium aluminum garnet (YAl O,,), MgO and
scandium aluminum garnet (Sc;AlO,,).

According to a preferred embodiment, the working wave-

length 1s less than 250 nm, preferably less than 200 nm, and
with even higher preference less than 160 nm.

According to a preferred embodiment, the imaging sys-
tem 1s a catadioptric projection objective with at least two
concave mirrors which produces at least two intermediate
1mages.

The invention further relates to a microlithographic pro-

jection exposure apparatus, a method of producing microli-
thographic components, and a micro-structured component.

Further embodiments of the invention are presented in the
description as well as i the subordinate claims.

The invention 1s explained hereinafter 1n more detail with
reference to examples that are illustrated 1n the attached
drawings.
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BRIEF DESCRIPTION OF THE DRAWINGS

In the drawings:

FIGS. 1 to 3 are schematic representations of different
preferred embodiments which serve to explain the design
structure of an optical element 1n an 1maging system accord-
ing to the mvention; and

FIG. 4 1s a schematic 1llustration of the principal design
structure of a microlithographic projection exposure appa-
ratus which can have a projection objective according to the
invention.

DETAILLED DESCRIPTION OF PREFERRED
EMBODIMENTS

In a merely schematic manner, FIG. 1 shows the design
structure of an optical element 100 1n an 1maging system
according to the invention in accordance with a first pre-
ferred embodiment. With preference, the optical element
100 1s 1n particular the last lens on the image side 1n a
microlithographic projection objective whose principal
design structure remains to be explained hereinafter in the
context of FIG. 4.

Preferably, the imaging system 1s a catadioptric projection
objective 1 which according to FIG. 1 (1in a merely sche-
matic representation that i1s not true to scale) an ofl-axis
image field “F” (1.e., lying outside of the optical axis “OA”)
1s produced 1n an 1image plane “Im”. According to FIG. 1, the
last optical element on the image side 1s a planar-convex lens
100 which in regard to its optical outside surface 1s rota-
tionally symmetric relative to the optical axis OA. However,
as shown schematically in FIG. 1, the planar-convex lens 1s
composed of elements 110 and 120 which are not rotation-
ally symmetric themselves relative to the optical axis OA.
The first element 110 1n FIG. 1 15 shaped like a shell 1n such
a way that its concave light-exit surface on the image side 1s
in direct contact with the corresponding light-entry surface
of the second element 120.

The elements 110 and 120 1n the 1llustrated example are
made ol cubic crystal material, preferably of the same
material with the same crystallographic cut. According to a
first embodiment, both elements can consist of magnesium
spinel (MgAl,O,) with (111)-orientation of the crystallo-
graphic cut. However, the elements 110 and 120 are
arranged with a rotation of about 60° relative to each other,
so that—with equal compensation path lengths in the two
clements—one achieves an azimuthally symmetric distribu-
tion of the retardation as well as a reduction of the maximum
values of the retardation.

The invention 1s not limited to using cubic crystal mate-
rials 1n the elements 110, 120 (nor 1n the elements according,
to the embodiments described hereimatter). For example, the
first optical element and the second optical element 1n a
turther embodiment can be made of an optically uniaxial
crystal material. Suitable matenials of the optically uniaxial
type are for example lanthanum fluoride (LaF,), sapphire
(Al,O;) or berylllum oxide (BeO), also retferred to as
bromellite. The materials can also be selected particularly 1n
such a way that the retardation caused by the second optical
clement has the opposite sign of the retardation caused by
the first optical element. For example, the first optical
clement can be formed of sapphire (Al,O,) with the refrac-
tive indices n_=1.7681 and n_=1.7600 at A=589.3 nm, 1.e.,
An=n_-n_=-0.0081, and the second optical element can be
formed of beryllium oxide (bromellite, BeO) with the refrac-
tive indices n_=1.7186 and n_=1.7343 at A=5389.3 nm, 1.¢.,

An=n_-n_=+0.0157, so that the birefringence has opposite
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signs in the two elements, which allows a mutual compen-
sation and a reduction of the maximum values for the

retardation to be achieved.

In order to achieve at least to a large extent an agreement
between the compensation path lengths, the (asymmetric)
arrangement of the two elements 110, 120 according to FIG.
1 1s made exactly in such a way that an agreement of the
compensation path lengths 1s achieved for the rays falling on
the center of the image field F. Two such rays “A” and “B”
are shown as examples, with the distances covered by the
rays 1n the elements 110, 120 identified, respectively, as a,,
a, and b,, b,. To achieve the desired equality of the com-
pensation path lengths, the distances a,, a, and b,, b, are
selected so that the respective optical path lengths n xa, (1=1,
2) and n,xb, (1=1, 2) for the two rays A and B turn out the
same 1n the first element 110 and 1n the second element 120.
Since according to this embodiment the refractive indices
are the same 1n the elements 110 and 120, the foregoing
condition 1s reduced to a,=a, and b,=b,.

A Turther preferred embodiment will be explained with
the help of FIG. 2.

According to FIG. 2, the last optical element on the image
side 1s a planar-convex lens 100 which 1n regard to 1ts optical
outside surface 1s rotationally symmetric to the optical axis
OA but 1s composed of four elements 210, 220, 230 and 240
which are not rotationally symmetric themselves relative to
the optical axis OA. The first element 210, the second
clement 220 and the third element 230 in FIG. 2 are each
shaped like a shell 1n such a way that a concave light-exit
surface 1s 1 direct contact with the corresponding light-
entry surface of the next following element.

The elements 210 and 220 are analogous to the elements
110 and 220 1n regard to crystallographic cut and orientation.
In particular, both can consist of magnesium spinel
(MgAl,O,) 1n (111)-cut orientation arranged with a rotation
of about 60° relative to each other. The elements 230 and
240, likewise, can consist for example of magnesium spinel
(MgAl,0,), however in (100)-cut orientation arranged with
a rotation of about 45° relative to each other.

Two rays “A” and “B” are again shown as examples. The
distances traveled by the rays in the elements 210, 220, 230
and 240 1n FIG. 2 are 1dentified, respectively, as a, to a, and
b, to b,. To achieve the desired equality of the compensation
path lengths, the distances a, to a, and b, to b, are selected
so that the respective optical path lengths n xa, (1=1, 2) and
n.xb. (1=1, 2) for the two rays A and B turn out the same in
the element 210 and 1n the element 220. The optical path
lengths n.xa, 1=3, 4) and n,xb, (1=3, 4) 1n the elements 230
and 240, respectively, are likewise made equal. Since
according to this embodiment the refractive indices in the
clements are the same, the foregoing conditions are reduced
to a,=a,, ay=a,, and b,=b,, b,=b,, respectively. Preferably,
the further condition a,/a;=b,/b;=~24 1s also being met.

The mvention 1s not limited to the arrangement of the
optical elements that 1s shown 1n FIG. 1 or FIG. 2. Rather,
the invention 1s meant to encompass any arrangement of at
least two elements that are not formed i1n a rotationally
symmetric shape relative to the optical axis in an 1maging
system with an extra-axial image field, wherein each of the
two elements 1s made of a cubic or optically umaxial
crystalline material and the at least two eclements are
arranged so that the distributions of the retardation that are
obtained due to intrinsic or natural birefringence will com-
pensate each other at least partially.

According to further embodiments, the refractive index of
the cubic crystal material 1s of such a magnitude that the
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difference (n-NA) between the refractive index n and the
numerical aperture NA of the imaging system does not
exceed 0.2.

If one assumes for example a numerical aperture of
NA=1.5 for the projection objective, it 1s therefore preferred
tor the refractive index n of the cubic crystalline material of
the first partial element to be maximally n=1.7.

A l1st of matenals that are particularly preferred according
to the invention 1s presented in the following Table 1,
wherein the refractive index n , at the wavelength A=589 nm
for each of the crystal materials 1s shown in column 2. It
should be noted that the refractive index at a typical working
wavelength of A=193 nm 1s typically larger by about 0.1.

TABLE 1

Refractive Index ng

Material (at A = 589 nm)
7Al,0;212Ca0 1.608
Al,0;°K50 1.603
Al,0;23Ca0 1.701
Al,052510,K0 1.540
Al,0;2810,2K

Al,0;23Ca06H,0 1.604
CaNa-S10, 1.60
CaNa,S130q 1.571
Sr(NO;3)- 1.5667
MgONa,0°* 810, 1.523
Ca(NO;)5 1.595

According to a further preferred embodiment of an optical
clement 300 as illustrated 1n FIG. 3, a further optical element
320 of substantially planar-parallel shape 1s placed on the
light-exit surface ol a planar-convex lens 310 with the
configuration described in the context of FIGS. 1 and 2.
Preferably, the element 320 is joined by wringing to the
light-exit surtface of the planar-convex lens 310.

FIG. 3 also schematically shows how the planar-parallel
optical element 320 1s composed of a total of four parts 1n
the form of planar-parallel plates 321, 322, 323 and 324
which preferably consist of the same cubic crystal material,
for example magnesium spinel. The first plate 321 and the
second plate 322 are of a crystallographic (111)-cut and are
arranged with a rotation of 600 relative to each other (or
generally 60°4kx120°, with k=0, 1, 2, . . . ) about the
clement axis (which in FIG. 3 coincides with the optical axis
OA). The third plate 323 and the fourth plate 324 are of a
crystallographic (100)-cut and are rotated relative to each
other by 435° relative to each other (or generally 45°+1x90°,
with 1=0, 1, 2, . . . ) about the element axis.

FIG. 4 illustrates a projection exposure apparatus 400
with an 1llumination device 401 and a projection objective
402. The projection objective 402 includes a lens arrange-
ment 403 with an aperture stop AP, wherein an optical axis
OA 1s defined by the schematically indicated lens arrange-
ment 403. Arranged between the illumination device 401
and the projection objective 402 1s a mask 404 which 1s held
in the light path by means of a mask holder 405. Masks 404
of this type which are used in microlithography have a
structure with details 1n the micrometer to nanometer range,
an 1mage ol which 1s projected by means of the projection
objective 402 into the image plane IP, reduced for example
by a factor of 4 or 5. A light-sensitive substrate 406,
specifically a wafer, which i1s positioned by a substrate
holder 407, 1s held in the image plane IP. The minimum
dimensions of structures that can still be resolved depend on
the wavelength A of the light that 1s used for the 1llumination
and also on the 1mage-side numerical aperture of the pro-

5

10

15

20

25

30

35

40

45

50

55

60

65

10

jection objective 402, wherein the ultimately achievable

resolution of the projection exposure apparatus 400
increases with shorter wavelengths A of the i1llumination
device 401 and a larger numerical aperture on the 1mage side
of the projection objective 402.

The projection objective 402 1s configured as an imaging,
system 1n accordance with the present invention. In a merely
schematic manner, FIG. 4 indicates in broken lines a pos-
sible approximate position of an optical element 300 accord-
ing to the invention, wherein according to a preferred
embodiment the optical element 300 1n this example 1s the
last optical element on the image side of the projection
objective 402 and therefore arranged 1n the area of relatively
large aperture angles. The optical element 300 can be of a
design structure as discussed in the context of FIGS. 1 to 3.

Even though the invention has been described through the
presentation of specific embodiments, those skilled 1n the
pertinent art will recognize numerous possibilities for varia-
tions and alternative embodiments, for example by combin-
ing and/or exchanging features of individual embodiments.
Accordingly, it will be understood that such variations and
alternative embodiments are considered as being included 1n
the present invention and that the scope of the mvention 1s
limited only by the attached patent claims and their equiva-
lents.

The mvention claimed 1s:

1. An 1maging system, having an optical axis and being
capable of producing an image field which 1s extra-axial
relative to the optical axis, the 1maging system comprising;:

a first optical element which, during use of the imaging

system, causes a first distribution of retardation 1n a
plane that lies perpendicular to the optical axis; and
at least one second optical element which, during use of

the 1maging system, causes a second distribution of
retardation 1n a plane that lies perpendicular to the
optical axis,

wherein the second distribution of retardation at least

partially compensates the first distribution of retarda-
tion, and the first and the second optical elements are
not designed with rotational symmetry relative to the
optical axis.

2. The imaging system according to claim 1, wherein the
first optical element and the second optical element each
comprise a cubic crystal material.

3. The imaging system according to claim 1, wherein the
first optical element and the second optical element each
comprise an optically uniaxial crystal matenal.

4. The imaging system according to claim 1, wherein,
during use of the imaging system, the retardation caused by
the second optical element 1s of the opposite sign relative to
the retardation caused by the first optical element.

5. The imaging system according to claim 1, wherein the
first optical element and the second optical element have the
same crystallographic cut and are rotated relative to each
other about the optical axis.

6. The imaging system according to claim 1, wherein the
extra-axial image field 1s mirror-symmetric relative to a
plane of symmetry, and at least one of the first second optical
clements 1s mirror-symmetric relative to the same plane of
symmetry.

7. The imaging system according to claim 6, wherein at
least one of the first and second optical elements has as 1ts
only symmetry a mirror-symmetry relative to the plane of
symmetry.

8. The imaging system according to claim 1, wherein,
during use of the imaging system, for at least one ray falling
on the center of the image field, the condition n, xd,~n,xd,
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1s met, wherein n, (1=1, 2) stands for the respective refractive
index and d, (1=1, 2) indicates the geometrical path lengths
covered by this ray in the first and the second optical
clement, respectively.

9. The mmaging system according to claim 8, wherein,
during use of the imaging system, the condition n,xd ~n,xd,
1s met for at least two rays falling on the center of the image
field, wherein the angle between the rays 1s at least 40°.

10. The imaging system according to claim 5, wherein the
first optical element and the second optical element have a
crystallographic (111)-cut arranged with a rotation of 60°+
kx120° relative to each other about the element axis, and k
1s an integer having a value of at least zero.

11. The mmaging system according to claim 5, further
comprising third and fourth optical elements, wherein the
third and fourth optical elements have a crystallographic
(100)-cut arranged with a rotation of 45°+1x90° relative to
cach other about the element axis, and 1 1s an integer having
a value of at least zero.

12. The imaging system according to claim 11, wherein
neither of the third and fourth optical elements 1s designed
with rotational symmetry relative to the optical axis.

13. The imaging system according to claim 12, wherein,
during use of the imaging system, for at least one ray falling
on the center of the image field, the condition n,xd,=~n,xd,
1s met, wherein n, (1=3, 4) stands for the respective refractive
index and d, (1=3, 4) indicates the geometrical path lengths
covered by this ray in the third optical element and in the

fourth optical element, respectively.

14. The imaging system according to claim 1, wherein at
least two of the optical elements are joined to each other by
wringing 1n such a way that they form a lens together.

15. The imaging system according to claim 14, wherein
the lens 1s shaped with rotational symmetry relative to the
optical axis.

16. The imaging system according to claim 135, wherein
the lens 1s a planar-convex lens.

17. The imaging system according to claim 14, wherein
the lens 1s a lens of the imaging system that 1s arranged in
last position on the image side.

18. The imaging system according to claim 16, wherein at
least one of the optical elements has the shape of a shell that
1s convex-curved towards the object side.

19. The imaging system according to claim 1, wherein a
liguad 1s arranged between at least two of the optical
clements, and the refractive index of the liquid 1s substan-
tially equal to the refractive index of the two optical ele-
ments.

20. The imaging system according to claim 19, wherein
the liquid 1s perhydro fluorene.

21. The imaging system according to claim 1, wherein the
optical elements are made of the same crystal matenal.

22. The imaging system according to claim 2, wherein the
cubic crystal material of at least one of the optical elements
1s selected from the group that contains magnesium spinel
(MgAl,O,), yttrium aluminum garnet (Y ;AlO,,), magne-
situm oxide (MgO), and scandium aluminum garnet
(S¢;ALO ).

23. The imaging system according to claim 2, wherein the
imaging system has an image-side numerical aperture, dur-
ing use the imaging system has a working wavelength, and
the cubic crystal matenial at the working wavelength has a
refractive mdex of such a magnitude that the difference
between the refractive index n and the numerical aperture of
the 1maging system does not exceed 0.2.
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24. The imaging system according to claim 23, wherein
the difference between the refractive index and the numeri-
cal aperture of the imaging system lies in the range from

0.05 to 0.20.

25. The imaging system according to claim 2, wherein the

cubic crystal material of at least one of the optical elements
comprises an oxide.

26. The imaging system according to claim 23, wherein
the cubic crystal material of at least one of the optical
clements comprises sapphire (Al,O;) and a potassium- or
calcium oxide among 1ts components.

277. The 1imaging system according to claim 25, wherein
that the cubic crystal material of at least one of the optical
clements comprises at least one material selected from the
group that 1ncludes 7A1,0,.12Ca0O, Al,0,.K,O,
Al,O,.3Ca0, Al,0,.510,K0O, Al,0,.510,.2K, and
Al,05.3Ca0OH,0.

28. The imaging system according to claim 2, wherein the

cubic crystal material of at least one of the optical elements
comprises calcium, sodium and silicon oxide.

29. The imaging system according to claim 2, wherein the
cubic crystal material of at least one of the optical elements
comprises at least one material selected from the group that

includes CalNa,S10, and CalNa_,S1,0..

30. The imaging system according to claim 2, wherein the
cubic crystal material of at least one of the optical elements

comprises at least one material selected from the group that
includes Sr(NO,),, MgONa,O—S10, and Ca(NO,),.

31. The imaging system according to claim 16, further
comprising an optical element, which 1s substantially planar-
parallel, placed on the light-exit surface of the planar-convex
lens.

32. The imaging system according to claim 31, wherein
the planar-parallel optical element has an element axis and
at least two partial elements which have the same crystal-
lographic cut and are arranged 1n rotated positions relative to
cach other about the element axis.

33. The imaging system according to claim 32, wherein
the first partial element and the second partial element each
have a crystallographic (111)-cut arranged with a rotation
relative to each other of 60°+kx120° about the element axis,
and k 1s an integer having a value of at least zero.

34. The imaging system according to claim 32, wherein
the first partial element and the second partial element each
have a crystallographic (100)-cut arranged with a rotation
relative to each other of 45°+1x90° about the element axis,
and 1 1s an 1nteger having a value of at least zero.

35. The imaging system according to claim 31, wherein
the planar-parallel optical element has an element axis and
at least four partial elements, first and second partial ele-
ments each have a crystallographic (111)-cut arranged with
a rotation relative to each other of 60°+kx120° about the
clement axis, a third partial element and a fourth partial
clement each have a crystallographic (100)-cut arranged
with a rotation relative to each other of 45°+1x90° about the
clement axis, k 1s an integer having a value of at least zero,
and 1 1s an integer having a value of at least zero.

36. The imaging system according to claim 1, wherein,

during use the imaging system has a working wavelength
less than 250 nm.

37. The imaging system according to claim 1, wherein the
imaging system 1s a catadioptric projection objective with at
least two concave mirrors which produces at least two
intermediate 1mages.
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38. A microlithographic projection exposure apparatus preparing a microlithographic projection exposure appa-
having a projection objective that 1s an 1maging system ratus according to claim 38; and

according to claim 1.

ject t least 1t of th k ont { th
39. A method for the microlithographic production of PrOJECHIE dat JedSt d patt O T MdSR OO dll afbd OF THE

coating by means of the projection exposure apparatus.

micro-structured components, the method comprising: 5 _ A
preparing a substrate on which at least one coating of a 40. A micro-structured component which 1s produced
light-sensitive material 1s deposited; according to the method of claim 39.

preparing a mask which has structures of which 1mages
are to be formed; £ % % k%
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CERTIFICATE OF CORRECTION

PATENT NO. : 7,362,514 B2 Page 1 of 1
APPLICATION NO. : 11/492725

DATED . April 22, 2008

INVENTOR(S) . Schuster

It is certified that error appears in the above-identified patent and that said Letters Patent Is
hereby corrected as shown below:

In column 4, line 24, delete “450” and 1nsert -- 45° --, therefor.

In column 4, line 35, after “d3” insert -- = --.

In column 6, lines 6-7, delete “7Al,0,.12Ca0, Al,0,.K,0, Al,0,.3Ca0, Al,0,.S10,KO,
Al203.5102.2K and A1203.3C306H20.” and 1nsert -- 7A1203 12CEIO,, Ale:;'KzO,
A]ZO_?,'?)CEIO, A]gOg,'SiOZKO,, AlgO_?,SlOgZK and A]gO},'?’CﬁOgHgO. --, therefor.

In column 6, line 21, delete “MgONa,0.S510,” and insert -- MgONa,0O-S10, --, therefor.
In column 9, line 43, delete “600” and 1nsert -- 60° --, therefor.

In column 11, line 6, n Claim 9, delete “nxd;” and insert -- n;xd, --, theretor.

In column 12, lines 17-18, 1n Claim 27, delete “7Al,0,.12Ca0, Al,05.K,0,
Al,05.3Ca0, Al,O;.510,K0, Al203.5102.2K and Al,0,.3Ca0O:H->0.” and insert

-- 7A120312C30,, AlgOg,'KgO, AlgOg'?’CElO,, Aleg,'SiOzKO,, A120381022K and
AlgOg'?’CﬂOgHzO. -, therefor.

In column 12, line 30, n Claim 30, delete “MgONa,0—-S10,” and 1nsert
-- MgONa, 0810, --, therefor.
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Twenty-ninth Day of July, 2008
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	Front Page
	Drawings
	Specification
	Claims
	Corrections/Annotated Pages

